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Antibiotic resistance is a prominent issue in the world today. It is said by the Centers for Disease 
Control and Prevention that it is one of the major public health challenges we face today. 
Predominantly, antibiotic resistance is growing because conventional wastewater treatment 
processes are not able to completely break down antibiotics. As bacteria are exposed to such 
antibiotics, which don’t kill them due to selective pressure, they become immune and develop 
resistance which is a huge health concern. To prevent this from occurring, antibiotics need to be 
removed from hospital wastewater. Sonication is a promising technology that can be used to 
degrade organic matter such as antibiotics in water.  
The objective of this research is to study the parameters that influence antibiotics degradation in 
water via sonolysis. During sonication this was accomplished by varying three parameters: the 
concentration of H2O2, amplitude, and irradiation method (i.e., pulse or continuous soundwaves). 
The investigated antibiotics were sulfamethoxazole, trimethoprim, tetracycline, azithromycin, 
lincomycin, and clarithromycin. Batch experiments were conducted with a mixture of antibiotics 
(each individual antibiotic at an initial concentration of approximately 20 ppb) in a jacketed beaker 
using the QSonica Sonicator, Q500. An attempt was made to keep the temperature constant (30±5 
°C) with the use of a chiller and ethylene glycol.  
During the sonication process, there were minimal hydroxyl radicals produced. Under pulsing 
conditions, azithromycin and clarithromycin, which are slightly hydrophobic, were expected to 
have improved removal efficiency when compared to continuous irradiation. Pulse irradiation was 
expected to increase their accumulation at the bubble interface, causing more degradation during 
bubble collapse but it did not. Potentially, the presence of the remaining 4-four antibiotics 
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sulfamethoxazole, trimethoprim, tetracycline, and lincomycin) could have prevented azithromycin 
and clarithromycin from migrating towards the bubble interface zone. The most efficient amplitude 
for antibiotic removal was 75% (approximately 85 W). Further increasing the amplitude to 100% 
(approximately 120 W) did not result in increased percent removal. Overall, the most efficiently 
removed antibiotic was tetracycline with over 90% removal, and the least efficiently removed was 
trimethoprim (12%). To maximize the removal of antibiotics under the tested conditions, it is 
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1 Chapter 1: Introduction, Objectives, and Hypotheses 
Antibiotic resistance is a prominent issue in the world today. It is said by the Centers for Disease 
Control and Prevention that it is one of the major public health challenges we face today (CDC 
2013b). Predominantly, antibiotic resistance is growing because conventional wastewater 
treatment processes are not able to completely break down antibiotics  (Aydin et al. 2018; Michael 
et al. 2013; Rodriguez-Mozaz et al. 2015; Sabri et al. 2018; Szekeres et al. 2017). As bacteria are 
exposed to such antibiotics, which don’t kill them due to selective pressure, they become immune 
and develop resistance which is a huge health concern. For example, this is a huge health concern 
when considering pathogenic bacteria. To prevent this from occurring, antibiotics need to be 
removed from hospital wastewater. This would allow for less bacterial exposure in the 
environment and provide less of an opportunity for resistance to develop.  
Past research in the areas of drinking water and wastewater treatment has investigated individual 
and combined advanced oxidation processes (AOPs), primarily those involving hydroxyl radicals 
as the primary agent. Examples of AOPs include ozone processes, sonolysis, Fenton-based 
reactions, radiation, photolysis, and electro-oxidation (Kurt et al. 2017; J. L. Wang and Xu 2012). 
It is well established that hydroxyl radicals can destroy complex molecules, like antibiotics 
(Balcioglu and Otker 2002; Ikehata et al. 2006; Kurt et al. 2017; Lin et al. 2009; Michael et al. 
2013; V. Naddeo et al. 2009; Efraím A Serna-Galvis et al. 2019). Hydroxyl radicals are 
advantageous since they are highly reactive and nonselective oxidants. Therefore, more hydroxyl 
radicals lead to greater contaminant removal. For this reason, it is important to maximize the 
amount of hydroxyl radicals produced. While some research has been conducted in this area, more 
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work is needed. In particular, there are opportunities to increase hydroxyl radical production during 
sonolysis.  
Sonolysis, the process of using ultrasonic waves to break down or decompose a substance, is a 
relatively new approach for contaminant destruction in water. Acoustic cavitation occurs when 
ultrasound waves at high intensity interact with dissolved gases in a liquid. This interaction causes 
the bubbles to form, grow and eventually collapse. (Torres-Palma and Serna-Galvis 2018). 
Ultrasound, which forms hydroxyl radicals due to cavitation, has been demonstrated to remove 
contaminants from water (Dahi 1976; Ince 2018; Rayaroth et al. 2016; Xiao, Wei, et al. 2014; 
Yadav N 2014). In addition, energy levels reached from ultrasound-induced cavitation results in 
the splitting of the chemical bonds between oxygen and hydrogen atoms in water molecules. This 
leads to hydroxyl radicals and hydrogen peroxide (H2O2 ) being formed (Villeneuve et al. 2008). 
During the time of bubble collapse, the temperature reaches several thousand Kelvin and the 
pressure reaches several hundred atmosphere (Grieser 2015).  
The objective of this research is to study the parameters that influence antibiotics degradation in 
water via sonolysis. This will be accomplished by varying three parameters: the concentration of 
H2O2, amplitude, and irradiation method (i.e., pulse or continuous soundwaves). These parameters 
were chosen because other researchers have already demonstrated that antibiotic degradation is 
possible with ultrasound cavitation (Ikehata et al. 2006; Kurt et al. 2017; Rayaroth et al. 2016; 
Efraim A. Serna-Galvis et al. 2016; Wan-Qian et al. 2015; Xiao, He, et al. 2014), but it has yet to 
be investigated in combination with H2O2 to degrade a group of highly prescribed and persistent 
antibiotics. It is hypothesized that by adding an optimal concentration of H2O2 to sonolysis, and 
by using the optimal irradiation method at the optimal amplitude, which will be determined 
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through batch tests, antibiotic degradation will be maximized. The ultimate goal is to optimize the 
sonolysis process as a pretreatment to water sources which are high in antibiotic concentration, 
such as hospital effluent. Targeting sources of wastewater with high concentrations of antibiotics 
would keep antibiotics from being diluted on their way to wastewater treatment plants (WWTPs), 
where they are inefficiently removed since the treatment plants are not designed to remove such 
contaminants. The end result would be lower concentrations of antibiotics in wastewater effluent, 
drinking water sources, and recreational waters. Overall, this would help to reduce the spread of 
antibiotic resistant bacteria and genes in the environment and to humans. 
When using sonolysis, the sonochemical degradation of organic compounds occurs in three 
regions: the inside of the collapsing bubble (Region 1), the interface of the cavitation bubble 
(Region 2), and the bulk of the solution (Region 3) as shown in  






Figure 1.1: Bubble formation and collapse during sonolysis. Figure is adapted from Advanced 
Oxidation Processes for Wastewater Treatment: Formation of Hydroxyl Radical and Application 
(J. L. Wang and Xu 2012) 
 
 
It is understood that hydrophilic compounds stay in the bulk solution, non-volatile hydrophobic 
compounds collect in the interface zone, and volatile compounds go into the bubble (Efraím A 
Serna-Galvis et al. 2019; Torres-Palma and Serna-Galvis 2018). Therefore, contaminant 
degradation depends on the type of compound (Torres-Palma and Serna-Galvis 2018). Partition 
coefficients are useful properties for determining hydrophobicity and volatility. The logarithm of 
Kow, the octanol/water partition coefficient can be considered as a measurement of a compound’s 
hydrophobicity or inclination to partition out of water into another phase (Mackay 1980). It is 
known that compounds with logKow less than 1 are considered hydrophilic and polar and 
compounds with logKow greater than 4.5 are hydrophobic and nonpolar (Schwarzenbach, René P. 
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Gschwend and Imboden 2016). The logarithm of Kaw, the air/water partition coefficient which 
correlates to Henry’s law constant, is a function of volatility. It is known that compounds with 
high Kaw (>10
-2) volatilize and partition to air, while those with low values (<10-5) partition to 
water (Schwarzenbach, René P. Gschwend and Imboden 2016).  
There are three mechanisms for compound removal during sonolysis: 1) Compounds can be 
thermally degraded through pyrolysis; this is due to the high temperature that results from the 
collapsed cavitation bubbles. 2) Compounds can migrate to the bubble interior and volatilize 
during bubble implosion. 3) Compounds also undergo oxidation by radicals (e.g., hydroxyl 
radicals) that are produced during bubble collapse. It is important to distinguish if one or both 
mechanisms are involved in the destruction of each antibiotic. Para-chlorobenzoic acid (pCBA) is 
used as a ∙OH probe or indirect measurement tool since it is fast reacting with ∙OH, acting as a 
scavenger (Pi, Schumacher, and Jekel 2005). Using pCBA to scavenge ∙OH isolates the 
contribution of pyrolysis for antibiotic degradation. pCBA has low vapor pressure (0.0±0.6 mmHg 
at 25°C) and low LogD (pH dependent Kow) (-0.55 at pH 7.4) so it will not easily be affected by 
heat and it is hydrophilic (Pi, Schumacher, and Jekel 2005); therefore, it should only be degraded 
in the presence of hydroxyl radicals. 
Research Question #1: Do pyrolysis and hydroxyl radical degradation both contribute to 
antibiotic removal during sonolysis? 
Hypothesis #1: The contribution of each mechanism to degradation will depend on the nature of 
the antibiotic. Specifically, hydrophobic compounds like azithromycin and clarithromycin will be 
more affected by pyrolysis since they are likely to be located near the bubble interface (Region 2). 
On the other hand, more hydrophilic compounds (trimethoprim, sulfamethoxazole, lincomycin, 
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tetracycline, oxfloxacin and ciprofloxacin) would have less contribution from pyrolysis since these 
compounds are likely to be located in the bulk solution, which puts them further from the high-
temperature zone created by bubble collapse. The addition of pCBA provides a way to measure 
hydroxyl radicals. Thus, we can determine if one or both mechanisms occur.  
There are two types of irradiation methods during sonolysis: continuous and pulsed. During 
continuous irradiation, sound waves are ongoing for a determined time. In pulse irradiation, the 
sound waves are turned on and off at various time intervals. A benefit to using pulsed irradiation 
is that it can enhance the elimination of hydrophobic pollutants (Torres-Palma and Serna-Galvis 
2018). This occurs because it increases their accumulation at the bubble interface, causing more 
degradation during bubble collapse (Torres-Palma and Serna-Galvis 2018). The underlying 
mechanism for this observation is not well known. However, some studies have credited improved 
degradation by pulsed irradiation to be due to the accumulation of pollutants at the surface of the 
bubbles during on and off intervals. Then, when the bubbles collapse, pollutants are closer to 
hydroxyl radicals for reactions to take place (Xiao, Diaz-Rivera, and Weavers 2013). 
Research Question #2: Does the type of irradiation affect the removal of antibiotics during 
sonolysis? 
Hypothesis #2: It is predicted that azithromycin and clarithromycin will be more efficiently 
removed by pulsed wave irradiation than continuous irradiation since pulse sound waves can 
enhance the elimination of hydrophobic pollutants (Torres-Palma and Serna-Galvis 2018).  
Higher input power (i.e., amplitude) leads to faster pollutant degradation due to more cavitation 
and more hydroxyl radicals being produced (Torres-Palma and Serna-Galvis 2018). However, after 
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a certain value, increased power does not relate to increased degradation. This is because the size 
of the bubble gets larger as amplitude increases. Yet after the bubble reaches a limiting size, the 
radius will not continue to grow and instead the size remains approximately stable.  
Research Question #3: What is the optimal amplitude for antibiotic removal during sonolysis?  
Hypothesis #3: It is expected that highest amount of hydroxyl radicals will be achieved at a mid-
to-high amplitude, such as 50-75% because increased ultrasonic amplitude causes more 
sonochemical activity in a liquid (Torres-Palma and Serna-Galvis 2018). Higher amplitude leads 
to faster pollutant degradation since this creates more cavitation which results in more hydroxyl 
radicals being produced. However, after a certain value, increased amplitude does not relate to 
increased degradation. 
H2O2, an oxidant, is used because it has a number of advantages: accessibility, stability, solubility, 
and it forms no disinfection by-products (Kida, Ziembowicz, and Koszelnik 2017). H2O2 can be 
used as a helpful catalyst in contaminant degradation when used in combination with AOPs. 
Nonetheless, having an excess amount of H2O2 decreases degradation and gives no benefit (Kida, 
Ziembowicz, and Koszelnik 2017; Lin et al. 2009) because H2O2 acts as a radical scavenger 
(Balcioglu and Otker 2002; Kida, Ziembowicz, and Koszelnik 2017). Kida et al., 2017 studied the 
removal of pesticides from aqueous solutions using ultrasound and H2O2 at concentrations of 0.02, 
0.04, 0.06, and 0.1 mmol/L. The highest TOC removal was at 0.06 mmol/L.  




Since antibiotics are more complex molecules than pesticides, Hypothesis #4: it is predicted that 
the optimum concentration of H2O2 for antibiotic removal will be higher than 0.06 mmol/L, such 
as 0.1 mmol/L. Since the reduction in removal efficiency can be credited to the concentration of 
H2O2 being too high (Kida, Ziembowicz, and Koszelnik 2017) the optimal concentration should 
be determined experimentally as it can vary based on contaminant type.  
Overall, what will occur when ultrasound is coupled with H2O2 and while varying amplitude and 
irradiation method can only be predicted. Once the processes are combined, results might vary 
from what has been shown in literature since there may be synergistic or antagonistic effects from 
the varying parameters. It is expected that optimized hydroxyl radical formation will produce a 
sizable reduction in antibiotic concentrations in water because AOPs are known to be efficient at 




2 Chapter 2: Literature Review 
2.1 Antibiotic Resistant Bacteria 
Water contamination is detrimental; therefore, water treatment is of great importance, and so are 
revolutionary ways to mitigate this problem. One of the most severe water-related issues that 
engineers, doctors, and scientists are currently dealing with are antibiotic resistant bacteria (ARB). 
Bacteria have mutated and developed resistive genes which allows them to adapt to antibiotics. 
Not only this, but they are also able to share this gene coding for antibiotic resistance to allow 
more bacteria to adapt. This permits bacteria to become resistant to antibiotics to which they have 
never been exposed.  The overuse and misuse of antibiotics has helped grow the problem of 
antibiotic resistance along with the lack of contaminant removal procedures and laws.  
Antibiotic resistance is the ability of infectious bacteria to adapt and become immune and, 
therefore, resist the killing effects of an antibiotic. This change makes the drug ineffective and the 
bacteria stronger, or a “super bug”. This is alarming because once a bacterium becomes resistant 
to an antibiotic, treating a bacterial infection becomes more difficult and in some cases impossible, 
which results in death. The Centers for Disease Control and Prevention estimates that in the United 
States antibiotic resistant bacteria (ARB) cause more than 2 million illnesses and about 23,000 
deaths yearly (Center for Disease Control and Prevention 2017). This is largely because antibiotics 
are some of the most frequently prescribed drugs (CDC 2013a). Antibiotic resistance is a very 
pressing and detrimental public health problem which can happen naturally on its own but in many 
ways is worsened by human activity. Wastewater treatment plants (WWTPS) are currently not 
designed to remove antibiotics as part of their treatment. If we cannot get rid of antibiotics in 
wastewater treatment, this allows bacteria to develop antibiotic resistant genes (ARGs) and these 
10 
 
resistive bacteria are spread in the environment. Resistance to antibiotics is a serious problem since 
bacteria causing illnesses are becoming challenging to treat. Some resistant bacteria can be killed 
with more powerful antibiotics, but some infections will become too difficult to cure even with 
novel drugs if nothing is done to remove antibiotics from wastewater.  
2.2  Wastewater Treatment Plants  
Typical wastewater treatment plants (WWTPs) have activated sludge or biofiltration as their 
biological treatment. Their pharmaceutical removal rates vary from less than 20% to more than 
90%. The efficiency in the removal of pharmaceuticals depends on sludge age, hydraulic retention 
time, and temperature of the activated sludge tank (WHO 2011). Since pharmaceuticals in 
wastewater or drinking water are not federally regulated, WWTPs are not designed to remove 
pharmaceuticals but some may be removed through the conventional wastewater treatment 
processes. Specifically, it has been noticed that coagulation is unsuccessful in removing 
pharmaceuticals. Also, free chlorine from chlorination is capable of removing up to 50% of 
pharmaceuticals while chloramines are ineffective (WHO 2011). Some have shown high removal 
by free chlorine but low removal by chloramines when looking at antibiotics in particular (WHO 
2011). Such antibiotics were sulfamethoxazole, trimethoprim, and erythromycin (WHO 2011). For 
some medications, advanced water treatment methods such as ozonation, advanced oxidation, and 
activated carbon and membranes may have high elimination levels (> 99%) (WHO 2011). 
Particularly, reverse osmosis is efficient at removing pharmaceuticals with large molecules (>99% 
removal) (WHO 2011). Overall, pharmaceuticals are not impossible to remove. The removal rates 
for pharmaceutical products depend on the compound's physical and chemical properties (WHO 
2011). This is why looking into such properties is beneficial to finding the right method of removal. 
Also, knowing how conventional WWTPs work allows us to understand that some 
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pharmaceuticals such as antibiotics are not completely removed by using conventional wastewater 
treatment processes. In general, raw sewage and wastewater effluents are considered to be a major 
source of pharmaceuticals present in surface water and drinking water (WHO 2011). The same can 
be said for antibiotics.  If the goal is to reduce trace amounts of antibiotics in our water sources, it 
is important to consider the chemical properties of antibiotics and the removal efficiency of 
different processes. Then antibiotic degradation or lack of degradation during conventional 
wastewater treatment can be better analyzed and actions can be taken against this health issue. 
2.3 Antibiotics  
Antibiotics can be classified based on chemical structure and the effect they have on bacteria. 
Antibiotics can either be bacteriostatic, meaning they prevent the growth of microbial cells, or 
bactericidal, meaning they actually kill the microbial cells. Some classes of antibiotics include 
Beta-lactams, sulfonamides, fluoroquinolones, macrolides, and tetracyclines. 
2.3.1 Beta-lactams  
Beta-lactams, which have penicillins and cephalosporins in the same class, have been derived from 
molds and are made to impede bacterial wall synthesis (Kurt et al. 2017). They are bactericidal. 
Penicillins are the oldest type, first discovered in 1928, used to treat infections of the skin, dental, 
ear, respiratory and urinary tract and gonorrhea (eMedExpert 2018). There are four types of 
penicillins. Cephalosporins are used to treat pneumonia, strep throat, amygdalitis, staph infections, 
bronchitis, skin infections, gonorrhea, infections of the urinary tract and prophylaxis (i.e., infection 
prevention at a surgical site). Cephalosporins are so diverse that they are divided into "generations" 




2.3.2 Sulfonamides  
Sulfonamides are synthetic antibiotics, not naturally produced from living organisms, and they 
hinder bacterial replication by acting as active inhibitors of p-aminobenzoic acid in the metabolism 
process of folic acids(Kurt et al. 2017). For this reason they are bacteriostatic. These are used for 
treating infections of the urinary tract, bronchitis, eye and ear infections, bacterial meningitis, 
pneumonia, severe burns and traveler diarrhea, to name a few  (Marks 2015).   
2.3.3 Fluoroquinolones  
The most recent class of antibiotics are fluoridated quinolones, fluoroquinolones (eMedExpert 
2018). They are also synthetic compounds. Fluoroquinolones are bactericidal, meaning they kill 
bacteria, since they inhibit bacterial enzyme DNA gyrase (Kurt et al. 2017). The older generation, 
the quinolones, were used to treat mostly urinary tract infections because they were not easily 
absorbed. Fluoroquinolones, used in a wider range and easily absorbed, are used to treat infections 
in the urinary tract, skin infections, respiratory infections, pulmonary infections and cystic fibrosis 
(eMedExpert 2018).  
2.3.4 Macrolides  
The macrolides get their name in their chemical structure from a macrocyclic lactone ring. They 
are mostly bacteriostatic since they target bacterial ribosomes and prevent protein production. 
Erythromycin is the prototype of this class and has similarities to penicillin. Macrolides are used 





Tetracyclines are typically natural and not artificially derived yet as of recently, new tetracyclines 
are also synthesized (Charest, Siegel, and Myers 2005). They are an old class of antibiotics and 
they get their named after the rings in their chemical structure. Tetracyclines are bacteriostatic and 
inhibit bacterial protein synthesis. It is used for the treatment of peptic ulcers, respiratory tract 
infection, cholera, Lyme disease, Rocky Mountain spotted fever, typhus, malaria prophylaxis, acne 
and rosacea (eMedExpert 2018).  
2.4 Antibiotic Uses and Misuses Leading to Resistance  
The general public sometimes misunderstands the proper use of antibiotics for treating infections. 
Antibiotics should be taken to treat bacterial infections and not viral infections. The misuse of 
taking antibiotics when they are not needed contributes to antibiotic resistance. It has been noted 
that about 30% of oral antibiotics prescribed to patients in the US are unnecessary (The Pew 
Charitable Trusts 2017). The risk of future development of a resistant infection increases when 
antibiotics are taken which are not needed (CDC 2013a). In addition, not completing the total 
duration of treatment for a bacterial infection with prescribed antibiotics can be just as harmful. 
Many individuals after acquiring a bacterial infection stop taking prescribed antibiotics as soon as 
they start feeling better. This leaves behind alive and untreated bacteria lingering in their system 
to become immune to the antibiotic which can therefore duplicate and be passed on. This exposure 
to antibiotics acts as a selective pressure because it kills off some of the susceptible and weaker 
bacteria while leaving the stronger ones behind, which adapted and forcefully developed a 
resistance gene to survive. Different kinds of antibiotics treat different bacterial infections. Using 
the wrong type of antibiotic leaves a bacterial infection ineffectively treated and instead the present 
bacteria adapt to that certain antibiotic and gain immunity, acquiring ARGs to share and spread. 
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Antibiotics are not only used and abused by humans but are also being used in animal agriculture 
to treat, control and prevent diseases in livestock, poultry, and fish. Antibiotics are used frequently 
in agriculture when huge volumes of animals are grown in confined spaces since it is a bacterial 
and disease-prone environment. Among the many pathways antibiotics travel into the environment 
through animals, resistant bacteria can also survive and multiply in animal intestines and can 
spread to our animal products. In addition, produce grown with contaminated water and soil, food 
prepared in contaminated surfaces, and animal feces are also all methods of infection (Center for 
Disease Control and Prevention 2017).  
Antibiotics have many pathways into the environment (i.e., industrial, human, and animal 
pathways), therefore ARB and ARGs are present in all types of environments. Selective pressure 
is only one of the ways resistance can be obtained. Additionally, ARGs can also be multiplied 
through horizontal gene transfer. There are three forms of horizontal gene transfer: conjugation, 
transformation, and transduction. During conjugation one bacterium transfers genetic material to 
another through direct contact. During bacterial transformation bacteria take up free genetic 
material from the environment. Finally, bacteria can also acquire genes from viral infections, 
which is known as transduction. Overall, the formation of ARB and transmission of resistant genes 
is due to the global overuse and misuse of antibiotics.  
2.5 Pathways of Antibiotics 
Antibiotics can be derived from synthetic or natural compounds and can make their way into the 
environment through various pathways, as shown in Figure 2.1 (Kurt et al. 2017). In recent decades 
the presence of antibiotics in the atmosphere and the water cycle at trace levels has been discussed 
and published in literature. Even though it can be argued that antibiotics in trace levels pose 
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minimal effects to humans, the effect of antibiotic resistance due to such trace levels cannot be 
overlooked. Since the effects of antibiotics in the environment are not something to ignore, it is 
important to understand their pathway and what locations act as hotspots. These hotspots serve as 
main contributors to ARB and ARGs.  
Antibiotics in the environment can originate from the very industries that produce them. Their 
industrial effluent provides high concentrations of antibiotics to groundwater and surface waters. 
Not only would antibiotics be potentially present in their effluent but also in their solid waste which 
is designated for the landfill. Antibiotics taken by humans at home or at hospitals can make their 
way to WWTPs through the sewer network. Once there they can either reach surface waters via 
discharged effluent or landfills via disposed sludge. Additionally, unused antibiotics which are 
trashed make their way to landfills where the compounds can leach into the soil and contaminate 
groundwater and drinking water. Antibiotics used on animals is another pathway for environmental 
contamination. Antibiotics used for fish at fish farms and other types of aquaculture make their 
way to surface waters and eventually drinking water. Antibiotics used on livestock and poultry as 
a method to prevent infection as the animals live in confined spaces are excreted and found in 
manure. This manure contaminates soil and antibiotics may leach from the manure or soil, making 
their way into groundwater or to surface water due to runoff. Contaminated food due to 
contaminated soil is also an issue. There are various pathways for antibiotics to pollute the 
environment and promote ARB and ARG and they are scattered by industries, humans, and 
animals.  
Generally, raw sewage and wastewater effluents are considered to be major sources of antibiotics 
and pharmaceuticals present in surface and drinking water (WHO 2011). A federal study was 
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conducted in 25 states and out of 74 waterways used for drinking water, 53 were found to have 
traces of one or more pharmaceuticals (Bienkowski 2013). It is no secret that pharmaceuticals and 
antibiotics in particular make their way into the water cycle, primarily through wastewater, and 
the effects on humans are more severe than most would think. For this reason, it is important to 
give special attention to the occurrence and removal of antibiotics in wastewater before such 




Figure 2.1: Pathway of Antibiotics in the Environment. Figure is modified from Kurt et al. 2017. 
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2.6 Antibiotic Occurrence in Wastewater and Persistent Antibiotics  
There are many articles about the occurrence of pharmaceutical substances in water, especially 
drinking water. Although this subject is commonly spoken of, there are currently no federal 
regulations in wastewater or drinking water for pharmaceutics. The Environmental Protection 
Agency has only made a list of pharmaceuticals which are under consideration for drinking water 
standards (Bienkowski 2013). One of the concerns with having pharmaceuticals in wastewater is 
that when the water is recycled back into the water cycle then such pharmaceuticals make their 
way into drinking water. Then the concern becomes the concentration of pharmaceuticals in 
drinking water which is ingested by humans. It has been said that since the concentration of 
pharmaceuticals is so minute in drinking water, humans would have to drink an exaggerated 
amount of water in a day, which is not common nor realistic, to receive the therapeutic dosage of 
the pharmaceuticals. On the other hand, when this argument is made, something about 
pharmaceuticals is forgotten. Antibiotics, which fall under the broad scope of pharmaceuticals, in 
wastewater can indirectly pose dangerous effects to humans. Trace amounts of antibiotics in 
wastewater make their way to drinking water and these micro levels of antibiotics are the cause 
for antibiotic resistant bacteria. Once this happens, humans, as well as animals, start to lose their 
fight against bacterial infections potentially leading to death or severe health issues. For this 
reason, the occurrence of antibiotics in the environment is important and is nothing to be taken 
lightly.  
2.7 Most Commonly Prescribed Antibiotics  
A list of the most commonly prescribed antibiotics in the United States was retrieved from the 
Centers for Disease Control and Prevention (CDC 2011). Data on oral antibiotic prescriptions 
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given to outpatients in community pharmacies in the United States between 2011 and 2015 showed 
a noticeable trend. Table 2.1 shows the antibiotics most frequently prescribed from 2011 to 2015 
(in millions, M).  
 
 
Table 2.1: Annual antibiotic prescriptions dispensed to outpatients in the United States from 2011 
to 2015, CDC. 
Antibiotic Year Millions Antibiotic Year Millions 
Azithromycin  2011 54.3 Ciprofloxacin 2011 21.0 
2012 53.0 2012 21.4 
2013 47.2 2013 21.3 
2014 45.7 2014 20.8 
2015 46.2 2015 20.3 
Amoxicillin 2011 52.9 Trimethoprim-
sulfamethoxazole 
2011 20.4 
2012 51.9 2012 20.9 
2013 47.2 2013 21.3 
2014 45.7 2014 N/A 
2015 46.2 2015 N/A 
Amoxicillin/ 
clavulanic acid 
2011 22.1 Cephalexin 2011 N/A 
2012 21.8 2012 N/A 
2013 23.1 2013 21.2 
2014 23.5 2014 21.3 






Amoxicillin, azithromycin, cephalexin, ciprofloxacin, and trimethoprim-sulfamethoxazole were 
consistently mentioned in the lists. The data provided by the CDC did not include federal 
healthcare facilities and pharmacies. In addition, online searches (e.g., Drugs.com) for the most 
prescribed medications or antibiotics, produced similar findings to the antibiotic lists provided by 
the CDC. A point of consideration is that over time antibiotics go out of date and newer versions 
are created and prescribed. For example, azithromycin is the newer version of erythromycin. 
Azithromycin is a derivative of erythromycin and is classified as an azalide, which is a type of 
macrolide antibiotic. Therefore, the most prescribed and used antibiotics might change over time, 
which may change the composition of antibiotics in wastewater. Antibiotic concentrations in 
wastewater could also shift at different times of the year. Seasons can control which antibiotics are 
being used during a period. The use of different antibiotic classes will change depending on human 
need. For example, in India, a study showed that hospitals released high amounts of 
fluoroquinolones into the environment in the winter followed by rainy season and summer (Diwan, 
Stålsby Lundborg, and Tamhankar 2013). In addition, another study observed a significant 
seasonal variation in antibiotic class usage. In February antibiotics were 42% more likely to be 
prescribed than in  September (Durkin et al. 2018).  
One of the most common types of antibiotics is the macrolide class which is used for human and 
veterinary medicine. For this reason, it can be expected that this class is prescribed frequently. 
From this class comes erythromycin (ERY), the first widely used antibiotic to treat human 
infections  (Schafhauser et al. 2018). Like many other antibiotics, ERY is unaffected by different 
treatment at wastewater treatment plants (WWTP) making it persistent in treated wastewater 
effluent. Consequently, treated wastewater effluents are determined as one of the key contributors 
to the environmental distribution of the antibiotics. In particular, waste effluents from hospitals 
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and pharmaceutical plants are classified as point sources (Schafhauser et al. 2018). In addition, 
ERY binds to solids in wastewater treatment (Schafhauser et al. 2018). Using these solids for 
fertilizer is another pathway for antibiotics to return to spread through the environment.  
Antibiotic concentration in wastewater and the environment may vary due to changes in usage and 
degradability. Since ERY was one of the first antibiotics used to treat infections in humans, it was 
popularly used in past years. As water is recycled, and since ERY is persistent, it is still showing 
up in the environment. It can be anticipated that as times change and more azithromycin is 
substituted for ERY, more azithromycin will be observed in wastewater and will be just as difficult 
to remove. Azithromycin was designated by the CDC to be in the top two most prescribed 
antibiotics, along with amoxicillin. While amoxicillin is one of the most frequently prescribed 
antibiotics, it quickly degrades and does not persist in wastewater. Therefore, high usage is not the 
sole factor in determining antibiotic concentrations in the environment.  
2.8 Advanced Oxidation Processes  
The goal of oxidation, which is the removal of electrons, is to ‘mineralize’ micropollutants so they 
are converted into simple and less harmful molecules (Parsons 2004) such as carbon dioxide and 
water. If the pollutant is not completely mineralized, which is the ideal solution, then it can be 
transformed into a simpler, biodegradable compound. Advanced oxidation processes (AOPs), 
which are methods of oxidation, are characterized by their radical production (Parsons 2004). 
Hydroxyl radicals are a specific type of oxidizing species, which attack the organic pollutant and 
are widely used for being environmentally friendly (Kurt et al. 2017). Hydroxyl radicals are 
formed by the reaction of excited atomic oxygen with water and in high concentrations they are 
very potent oxidants. The effectiveness of AOPs is determined by the production of these powerful  
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(E0 = 2.80 V), non-selective and highly reactive hydroxyl radicals with reaction rate constants of 
approximately 109 L mol-1 s-1  (Ribeiro et al. 2015). AOPs have two steps, 1) the formation of 
radicals and 2) the oxidative reaction between those radicals and the dissolved contaminant (Kurt 
et al. 2017). Hydroxyl radicals can be made with one AOP or with the combination of many. AOPs 
can be classified in two groups: non-photochemical AOPs and photochemical AOPs (Kurt et al. 
2017). Non-photochemical processes include those involving Fenton processes, ozone, ozone and 
hydrogen peroxide, electrochemical oxidation, cavitation, supercritical water oxidation, electrical 
discharge based nonthermal plasma, gamma-ray, x-ray, and electron-beam.  
When looking at advanced oxidation processes and comparing oxidation potentials, hydrogen 
peroxide has a potential of 1.78V, ozone of 2.07V and hydroxyl radicals of 2.80V, meaning that 
hydroxyl radicals have more of an oxidation power (Parsons 2004). Overall, hydroxyl radicals are 
the second most powerful oxidizing species with fluorine as the first, 3.03V (Parsons 2004). 
Fluorine is not commonly used because it is toxic, corrosive, and violently reactive (Braeunig 
1996). For example, when comparing oxidizing rate constants for ozone and hydroxyl radicals for 
various organic compounds, hydroxyl radicals are significantly (109 ) faster (Parsons 2004). This 
is why it is the goal of most AOPs to produce hydroxyl radicals in water. In oxidation, the rate of 
the reaction (k), which is the speed at which reactants are converted into products, when involving 
photolysis, ozone, hydrogen peroxide, etc., depends on the radical, oxygen, and the concentration 
of the pollutant (Parsons 2004). Some factors that can influence radical concentration are: 
temperature, pH, pollutant type, ions presence, and scavenger presence (Parsons 2004). Molecules 
which are known to react with radicals in a predictable way are referred to as radical traps or 
scavengers. Such compounds in most waters are natural and absorb hydroxyl radicals, therefore 
the scavengers compete with organic pollutants for radical hydroxyl reactions (Ribeiro et al. 2015). 
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Scavengers can be organic matter such as proteins, carbohydrates and humic, fulvic and amino 
acids. They can also be inorganic ions such as carbonate and bicarbonate, dissolved sulfide, and 
sometimes even bromide and nitrate (Ribeiro et al. 2015). Scavengers can be naturally occurring 
in water so optimization of AOPs and the efficiency of hydroxyl radicals must be done taking these 
species into account (Ribeiro et al. 2015).  
2.8.1 Hydrogen Peroxide   
Hydrogen peroxide is used as an oxidant because it has a number of advantages: availability, 
stability, solubility, it is easily stored, and lack of disinfection by-products (Kida, Ziembowicz, 
and Koszelnik 2017). Hydrogen peroxide can be used as a helpful catalyst in contaminant 
degradation when used in combination with AOPs. For example, hydrogen peroxide can be applied 
to ozonation as an effective way to maximize the formation of hydroxyl radicals, as hydrogen 
peroxide increases the rate of ozone decomposition in water, resulting in a large amount of very 
reactive hydroxyl radicals (Oturan and Aaron 2014). Peroxination is more efficient than ozone 
alone (Kurt et al. 2017). Peroxination is also more cost efficient since ozone can be costly and the 
combination of both decreases the amount of ozone needed (Kurt et al. 2017). Nonetheless, having 
a large surplus of H2O2 in treated wastewater results in a reduction in degradation or no benefit 
(Kida, Ziembowicz, and Koszelnik 2017; Lin et al. 2009) because when H2O2 accumulates in water 
it acts as a radical scavenger leaving less hydroxyl radicals to degrade compounds (Balcioglu and 
Otker 2002; Kida, Ziembowicz, and Koszelnik 2017). Overall, hydrogen peroxide can be a helpful 
catalyst but only if not used in excess.  
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2.8.2 Cavitation/Ultrasound  
A potential technology to remove antibiotics is cavitation. This is not a new technology since many 
researchers have already investigated this chemical-free method of dealing with contaminants in 
wastewater. Two forms of cavitation are available: hydrodynamic cavitation and acoustic 
cavitation. Hydrodynamic cavitation in water is developed when there is a rapid formation and 
collapse of bubbles. It happens when the static pressure becomes lower than the liquid’s vapor 
pressure. During cavitation, the bubble implodes and collapses inward, producing high 
temperature which separates the water molecules (Figure 2.2). Ultrasound, or high pitch sound, 
can also be one of the ways to make cavitation occur. Ultrasound is sound with frequencies higher 
than 20 kHz which is not detectable by most human ears (Torres-Palma and Serna-Galvis 2018). 
If water is irradiated under ultrasonic conditions, small gas bubbles emerge as the water pressure 
turns negative (Kyuichi 2018). It occurs when the amplitude of the acoustic pressure is greater 
than the ambient air pressure, the amplitude of the acoustic pressure being the amplitude of the 
sound oscillation. This reduction in pressure creates a force, a force which expands the liquid. This 
causes the dissolved gases in the liquid to become gas bubbles, because under negative pressure it 
can no longer be dissolved in the liquid. The bubble expands because the pressure at the surface 
of the bubble exceeds the liquid pressure (Grieser 2015). When the bubble reaches a critical size 
it collapses and a shock wave is sent into the liquid due to the rapid release of localized pressure 
(Grieser 2015). Acoustic cavitation is the growth and collapse of such microbubbles using 
ultrasound (i.e., high pitch sound) (Kyuichi 2018). During the rapid collapse of the bubbles, there 
is little to no heat transfer between the inside of the collapsing bubbles and the surrounding liquid, 
making it an adiabatic process. For this reason, the temperature and pressure inside the collapsing 
bubbles reach really high values (several thousand Kelvin and several hundred atmosphere) 
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(Grieser 2015). Some researchers have said temperature and pressure values can be in the range of 
10,000 K and 10 GPa (99,000 atm) (Kyuichi 2018), or 5,000 K and 1,000 atm (Torres-Palma and 




Figure 2.2: The formation and collapse of the cavitation bubble and the three regions (Wang and 
Xu 2012).  
 
 
These high temperature and high pressure conditions allow for chemical processes to happen like 
the splitting of chemical bonds (Torres-Palma and Serna-Galvis 2018), allowing the water vapor 
and oxygen inside the bubble to dissociate and form oxidants such as hydroxyl radicals, hydrogen 
peroxide, oxygen atoms, ozone, and molecular hydrogen (Grieser 2015). The high temperature and 
high pressure conditions may also produce light emission (Grieser 2015). Then the oxidants 
formed inside the bubble can also pass into the surrounding liquid through the interface region and 
react with the solute molecules around the bubble (Grieser 2015). Such chemical reactions are 
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called sonochemical reactions, and the main oxidants are hydroxyl radicals. In addition, hydroxyl 
radicals ' oxidation-reduction potential is much higher than hydrogen peroxide, suggesting 
hydroxyl radicals play a more important role (Grieser 2015). It is suggested that the concentration 
of hydroxyl radicals at the bubble wall, in the absence of solutes, is approximately 5 x10-3 M and 
at this concentration their lifetime is approximately 20 ns (Grieser 2015). On the other hand, the 
lifetime of hydrogen peroxide is long in the absence of solutes.  
Sonochemical reactions can occur in three distinct regions. Region one is the region of high 
temperatures and high pressure inside a collapsing gas bubble. Region two is the interface region 
between a hot gas and bulk liquid. The third region is the bulk of the solution at ambient 
temperature where hydroxyl radicals from the (hot) inside of the bubble have escaped from and 
react with organic solutes (Grieser 2015). The pollutant type shall decide the route of its 
degradation in the sonochemical process (Torres-Palma and Serna-Galvis 2018). Hydrophilic 
contaminants accumulate in the bulk solution, non-volatile hydrophobics accumulate in the 
interface zone, and volatiles cross into the inside of the cavitation bubble  (Torres-Palma and 
Serna-Galvis 2018). The hydrophilic compounds will therefore be degraded by hydroxyl radicals 
entering the bulk solution after the bubble collapses (Torres-Palma and Serna-Galvis 2018). 
Radicals and/or thermal reactions degrade hydrophobic, non-volatile compounds in the interface 
zone (Torres-Palma and Serna-Galvis 2018). Volatile pollutants are degraded at the inside of 
bubbles by pyrolysis (Torres-Palma and Serna-Galvis 2018).   
The number of bubbles produced by cavitation depends on both frequency and ultrasonic power. 
Frequency modifies the size and collapse period of the bubble (Torres-Palma and Serna-Galvis 
2018). The rise in frequency makes the bubble collapse quicker, giving more cavitation events per 
unit time  (Torres-Palma and Serna-Galvis 2018).  As frequency increases, the smaller the bubbles 
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are created and they will require higher intensities to collapse (Grieser 2015). The fastest radical 
formation takes place at frequencies of about 200-350 kHz (Torres-Palma and Serna-Galvis 2018).  
The effect of frequency on contaminant degradation, however, depends on the type of contaminant 
(Torres-Palma and Serna-Galvis 2018).  Most moderate hydrophobic and hydrophilic pollutants 
will be degraded at frequencies when hydroxyl radicals are quickly produced (i.e., 200-350 kHz). 
At high frequencies (i.e., > 350 kHz), the sonodegradation of volatile or very hydrophobic 
pollutants is preferred (Torres-Palma and Serna-Galvis 2018). Increasing ultrasonic power, or 
amplitude, encourages the increase of sonochemical activity. The response to amplitude is the 
same for all types of substances (hydrophobic, hydrophilic, and volatile) (Torres-Palma and Serna-
Galvis 2018).  Higher amplitude results to quicker contaminant degradation due to an increase in 
cavitation and the generation of hydroxyl radical (Torres-Palma and Serna-Galvis 2018). Improved 
degradation is shown by increasing amplitude because it causes the bubble size to increase but this 
is only experienced to a limiting value (Torres-Palma and Serna-Galvis 2018). After increasing 
amplitude to a limiting value, the bubble radius remains approximately constant (Torres-Palma 
and Serna-Galvis 2018).   
As stated before hydroxyl radicals are highly reactive and can act as oxidants to contaminants such 
as pharmaceuticals. An article published on the degradation of antibiotic carbamazepine with the 
use of combined hydrodynamic cavitation and acoustic cavitation states that the antiepileptic drug 
was degraded up to 96% in 15 minutes (Braeutigam et al. 2012). No known metabolites were 
detected after 60 minutes by LC-MS/MS (liquid chromatography with tandem mass spectrometry) 
(Braeutigam et al. 2012). The conversion percentage of carbamazepine to intermediates using the 
individual hydrodynamic method was 27% and that of acoustic cavitation was 33%. There was a 
synergistic effect of 63% when methods were used together due to the increase of hydroxyl radical 
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generation (Braeutigam et al. 2012). The synergistic effect from combining both hydrodynamic 
and acoustic cavitation is attributed from the higher bubble densities obtained from the 
hydrodynamic aspect and an increase in temperature and pressure due to acoustic field 
(Braeutigam et al., 2012). Not only was there a greater conversion percentage when both methods 
were combined but also greater efficiency (Braeutigam et al. 2012). Another example is a 2015 
article published on the degradation of antibiotic sulfamethoxazole (SMX) using a combined 
ultrasound and ozone oxidation process by (Wan-Qian et al. 2015). The report investigated the 
degradation of the antibiotic by ultrasound alone, ozone alone and the combination of both. It was 
proven that ultrasound enhanced SMX ozonation by assisting ozone in the production of more 
hydroxyl radicals. Not only this, but it was also reported that using ultrasound improved the rate 
constant and improved the splitting of chemical bonds which allowed for a higher SMX removal. 
The increased removal of SMX meant a shorter reaction time and less ozone intake, which could 
result in lower operating costs. There was also a synergistic effect noticed (Wan-Qian et al. 2015).  
In addition, two fluoroquinolones, two penicillins and two cephalosporins were sonicated at 354 
kHz and hydrophobic antibiotics had higher degradation than hydrophilic when performed in a 
synthetic matrix made to simulate hospital wastewater (Efraím A Serna-Galvis et al. 2019).  
By analyzing various processes and combining AOPs some generalized effects can be noticed. For 
example, when looking into the concept of cavitation, past researchers have noticed that when an 
ultrasound process is paired with ozone there is a synergistic effect that allows both processes to 
work together and benefit one another in the removal of contaminants. The same can be said when 
combining ultrasound and UV processes. Yet, it has been stated in the 1976 article by E. Dahl that 
it is not so much the synergistic effect that is efficient in removing contaminants, but that it is 
directly correlated to the activity of the free radicals, hydroxyl radicals. It was stated that hydroxyl 
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radicals are the true oxidative and germicidal agent. For this reason, it is beneficial to give special 
attention to this powerful, non-selective and highly reactive oxidizing species and focus on ways 
to maximize its formation and, therefore, use it to combat hard-to-degrade pollutants in wastewater 
which pose a threat to human health.  
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3 Chapter 3: Methods and Experimental Plan 
3.1 Antibiotic Selection Justification 
When choosing antibiotics for this research project, three things were considered: 1) those 
commonly prescribed, 2) those which are persistent through wastewater treatment, and 3) ones 
which could easily be analyzed with LC-MS (liquid chromatography mass spectrometry). 
Commonly prescribed antibiotics give a good representation of what antibiotics would be more 
present in wastewater. Persistent antibiotics are those which are constantly noticed in treated 
wastewater, meaning that conventional wastewater treatment was not efficient enough at removing 
them. In general, to analyze compounds with LC-MS there must be known methods to follow. 
Developing a method to analyze a compound can take time and can be complicated. For this 
reason, it is better to analyze compounds with methods which already have been used and proven 
to work. The chosen antibiotics were sulfamethoxazole, trimethoprim, tetracycline, azithromycin, 
lincomycin, and clarithromycin. Including fluoroquinolones, macrolides and a sulfonamide (i.e., 
different antibiotic classes) was intentional since many articles agree that these three classes of 
antibiotics are persistent in treated wastewater effluent. Articles also corroborated that 
trimethoprim and tetracycline had low removal efficiency. When reviewing the CDCs data on oral 
antibiotic prescriptions dispensed to outpatients in the United States community pharmacies from 
2011 to 2015, amoxicillin, azithromycin, cephalexin, ciprofloxacin, and trimethoprim-
sulfamethoxazole were continually in the antibiotic lists provided. Trimethoprim and 
sulfamethoxazole are usually combined because they act synergistically against a wide variety of 
bacteria. Amoxicillin was not considered for this project because research shows that it is easily 
broken down with conventional wastewater treatment. Literature reviews also showed that 
erythromycin was an antibiotic to consider because it was persistent. After discussing with an EPA 
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professional, it was determined that azithromycin, which is a newer version of the antibiotic 
erythromycin, would be better to include. Ofloxacin, lincomycin, and clarithromycin were also 
antibiotics which continually showed up in articles for being persistent and not efficiently removed 
from wastewater. Even though ciprofloxacin and ofloxacin were good antibiotic candidates for 
experimental research, they were not ones which could easily be analyzed with LC-MS. This was 
the justification for choosing the six antibiotics: sulfamethoxazole, trimethoprim, tetracycline, 
azithromycin, lincomycin, and clarithromycin.  
3.2 Antibiotic Concentration Justification 
Literature on antibiotic concentrations in hospital effluent was reviewed (Table 3.1) (Aydin et al. 
2018; Brown et al. 2006; Rodriguez-Mozaz et al. 2015; Szekeres et al. 2017), and it was 
determined that a reasonable concentration for each of the 6 antibiotics was 20,000 ng/L (20 ppb). 
This value is at the high end for the range of antibiotic concentrations detected in hospital 
wastewater. Even though two antibiotics were detected at lower concentrations, tetracycline and 




Table 3.1: Hospital effluent antibiotic concentrations (ng/L) 
Hospital effluent antibiotic concentrations (ng/L) 
Antibiotics  
 







4817  6060 
36 s, 








29 s,  
9 w  260 8600 17993 3963 2500 174 7600 N/A 
Tetracycline N/A N/A 1340 N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Azithromycin N/A 
20, 60, 
60  N/A 
234 s, 
19503 w  119 1040 N/A 7351 N/A N/A N/A N/A 
Lincomycin 
2000, 
300  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Clarithromycin  N/A 
167, 
941, 
471  N/A 
228 s, 
19330 w  973 14000 N/A 960 N/A N/A N/A N/A 
 
*s = summer  
*w = winter 
1 Brown et al. 2006 
2 Rodriguez-Mozaz et al. 2015 
3 Szekeres et al. 2017 







3.3 Equipment and Experimental Setup 
Equipment:  
1. QSonica Sonicator, Q500 
2. Sonicator ½” replaceable tips  
3. 250 mL Jacketed beaker  
4. Chiller  
5. Plastic tubing  
6. Ethylene glycol  
 
Antibiotics were measured out at calculated values and mixed together to make a mixed spike 
stock where all antibiotics were each at approximately 40 ppm (mg/L). This mixed spike stock 
was used at determined quantities to give each antibiotic a final concentration of 20 ppb (20 µg/L) 
in the buffered deionized water (pH 7). A volumetric cylinder was used to measure 150 mL of the 
antibiotic solution and poured into a 250 mL jacketed beaker. A chiller and ethylene glycol solution 
were used to stabilize the temperature of the water. With the help of the chiller, which circulated 
an ethylene glycol solution through the cooling jacket, the temperature was kept at 30±5 °C . A ½ 
inch probe tip was used on the QSonica Q500. During every batch test, the probe tip was centered 
over the 250 mL jacketed beaker and immersed 0.75 inches from the water surface, as per manual 
recommendations, and the amplitude and the irradiation method were selected accordingly. One 
mL samples were collected at both 2 and 30 minutes for every run. Preliminary tests determined 
that sonicated water samples should be collected at two different intervals: 2 minutes and 30 
minutes. Since tetracycline degraded at a higher rate than the other antibiotics, samples were 
collected at 2 minutes in order to have at least 10% removal. At 30 minutes, tetracycline was 
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almost completely degraded (removal 80-90%) so it was difficult to choose it as a baseline and 
compare differences in removal after varying parameters. In contrast, the other antibiotics were 
more persistent. Preliminary tests were done at 2, 4, 6, 8, 20, 25, and 30 minutes. 30 minutes was 
chosen as the baseline since at least 10% removal was achieved for all antibiotics. The 
experimental set up for experiments using pCBA was similar to those with antibiotics, but instead 
a solution of water, phosphate buffer and pCBA was made for batch tests. pCBA was weighed and 
diluted in acetonitrile to make a 465 ppm (mg/L) stock. pCBA was spiked into the phosphate-
buffered water to give 50 ppb (50 µg/L). An overview of the procedure is shown in Figure 3.1 and 





























Figure 3.2: Experimental Setup for the degradation of antibiotics through sonolysis 
A: Ultrasound generator: QSonica Sonicator, Q500 
B: Transducer  
C: Chiller 
D: Jacketed beaker 




3.4 Chemical and Stock Solutions 
 
 
Table 3.2: Antibiotic supplier and purity. 
Antibiotics  Antibiotic Class  Supplier  Purity  
Sulfamethoxazole  Sulfonamides  TCI America  98% 
Trimethoprim  Other TCI America  98% 
Tetracycline Tetracyclines Sigma-Aldrich 98% 
Azithromycin Macrolide  Adipogen 95% 
Lincomycin Lincosamide  Sigma-Aldrich 95% 
Clarithromycin  Macrolide  TCI America  98% 
 
 
Antibiotics were bought from the suppliers shown above (Table 3.2) at the purities listed. Stocks 
were made in acetonitrile as a way to avoid methanol (hydroxyl radical scavenger) in the 
experiments and limit hydrolysis. During the course of the experiment, three stocks were made in 
acetonitrile. A mixed spike stock where all antibiotics were each at approximately 40 ppm (mg/L) 
was made in acetonitrile for spiking during batch experiments. From the 40 ppm stock a 4 ppm 
(mg/L) stock was made in acetonitrile which was used to make calibration standards. Additionally, 
a 4 ppm stock was made in acetonitrile with both deuterated internal standards, trimethoprim-d3 
and azithromycin-d3. The internal standard stock was used to spike known quantities into 
sonicated samples when preparing them for LC-MS analysis. Buffer and antibiotic solutions used 
in batch tests were prepared with deionized water. H2O2 used during batch tests was pharmacy 
bought and determined to be at an initial concentration of 3% using UV spectroscopy.  
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3.5 Bench-scale Tests 
After reviewing the literature on antibiotic concentrations in hospital effluent from various 
countries worldwide, including one study from New Mexico, USA, (Aydin et al., 2018; Brown et 
al., 2006; Rodriguez-Mozaz et al., 2015; Szekeres et al., 2017), it was determined that a reasonable 
concentration for each of the antibiotics was 20 ppb. This value is at the high end for the range of 
antibiotic concentrations detected in hospital wastewater. Phosphate-buffered deionized water was 
spiked with the six antibiotics at these concentrations. Buffered water was used because physical 
properties of antibiotics can change at different pH, and this is known to affect sonochemical 
degradation (De Bel et al., 2009). 
Systematic batch tests were performed in the laboratory using ultrasound and varying parameters 
such as H2O2 concentration, amplitude, and irradiation method. Batch experiments were done in a 
jacketed beaker inside a fume hood. There was no need to keep batch experiments as a closed 
system since none of the antibiotics used were volatile (Kaw> 10
-2). It is worth mentioning that 
H2O2 was not quenched at the end of experiments. Therefore, it is possible that the reaction 
between the oxidizer and the antibiotics was ongoing. Thus, exposure times for hydrogen peroxide 
were not equal and should not be directly compared. Batch tests were duplicated for each parameter 
for quality assurance. Hydroxyl radicals were monitored using parachlorobenzoic acid (pCBA), 
an indirect method to determine hydroxyl radical concentration. Antibiotics were analyzed using 
liquid chromatography mass spectrometry (LC-MS). Since samples were duplicated, sample 
concentrations were averaged.  
Percent removal was calculated by measuring initial and final concentrations. Initial values were 
verified by analyzing controls (unsonicated water samples) and final concentrations were 
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determined by analyzing sonicated water samples. The control samples were collected directly 
from the volumetric flask (water, buffer, and antibiotics), pipetted into LCMS glass vials, and 
spiked with the internal standards and formic acid. These samples are not considered “true control” 
samples. True controls would have been samples collected from the water, buffer and antibiotic 
solution once it had all the procedures executed which were done for the sonicated solution (i.e., 
measured by a glass volumetric cylinder, transferred into the jacketed beaker and remain for 2 and 
30 minutes, and pipetted into a sample vial to be spiked with the internal standards and formic 
acid). Percent removal was calculated as:  
 
% 	 =  
	 (,  ) − 	 
	 (,  )
∗ 100 
3.6 Analysis of Antibiotics 
A 50:50 MeOH:H2O and 0.1% formic acid solution was used for the LC-MS mobile phase. 
Additionally, sonicated antibiotic samples were spiked with 0.1% formic acid and with deuterated 
internal standards. Instruments parameters were based on a previously established method 
(Rossman et al. 2014). Multiple mass to charge (m/z) ratios for the parent compound and 
confirmation ions were used to ensure accuracy and avoid interfering compounds. The minimum 
detection limit was 1.0 ppb.  
3.7 Quality Assurance and Quality Control  
Quality assurance for experiments and analysis included instrument maintenance, analyzing 
internal standards in sonicated samples for data confidence, developing a LC-MS method with 
confirmation ions to provide confidence in analysis, documenting the preparation of all stocks and 
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calibration standards, and documenting all batch experiments in a lab notebook. Quality control 
for experiments and analysis included using standards for calibration curves that were not older 
than two weeks, as well as collecting replicate samples, multiple controls, and blanks during batch 




4 Chapter 4: Optimization of Sonolysis for Removing Antibiotics 
4.1 Effect of Hydrogen Peroxide Concentration  
Preliminary batch screening experiments were conducted at 50% amplitude, no pulsing, and 
temperature 30±5 °C to determine the optimum H2O2 concentration. Since it was known that the 
highest amount of hydroxyl radicals is achieved at a mid-to-high amplitude (Torres-Palma and 
Serna-Galvis 2018), 50% amplitude (approximately 50 W) was set as the baseline for the start of 
the batch experiments. The H2O2 concentration was varied from 0.05 mM to 0.15 mM. These 
values were chosen because H2O2 concentrations used on the sonication of pesticides (Kida, 
Ziembowicz, and Koszelnik 2017) were used as guidelines. The removal of pesticides from 
aqueous solutions was studied using ultrasound and H2O2 at concentrations of 0.02, 0.04, 0.06, 
and 0.1 mM (Kida, Ziembowicz, and Koszelnik 2017). The highest TOC removal was at 0.06 mM. 
Antibiotics and pesticides are diverse chemicals. For that reason, the H2O2 concentrations used on 
pesticides were only used as guidelines to set the starting H2O2 concentration for antibiotic 
experiments. Table.4.1 summarizes the percent removal of each antibiotic at 2 minutes and 30 





Table.4.1: Percent removal of antibiotics after sonication at 0, 0.05, 0.10, 0.15 mM H2O2, 
continuous irradiation, and 50% amplitude. 
Time H2O2 Conc. 
Antibiotics 
Trimethoprim  Lincomycin  Tetracycline Sulfamethoxazole  Azithromycin Clarithromycin  
T = 2 min 
0 mM  6.28 11.03 27.20 -5.58 9.68 4.75 
0.05 mM  -7.66 4.79 24.62 -22.19 20.98 14.44 
0.1 mM  -2.89 2.24 19.30 -35.81 4.76 18.65 
0.15 mM  -13.38 8.54 20.49 -27.82 -1.24 13.74 
0.15 mM,  
no sonicating -6.83 16.37 4.30 -7.87 15.76 29.44 
T = 30 min 
0 mM  2.55 4.07 78.79 27.31 39.04 42.28 
0.05 mM  5.85 23.46 76.40 25.80 41.42 55.61 
0.1 mM  -5.42 25.43 76.25 18.14 36.82 52.44 
0.15 mM  -17.11 10.65 76.87 12.10 40.38 31.56 
0.15 mM, 
no sonicating -2.55 10.08 5.60 16.35 8.96 -7.10 
 
 
The six antibiotics showed differences in percent removal after sonication with and without 
hydrogen peroxide (Table.4.1). Overall, trimethoprim was the least degraded (<6% at T=30 min) 
and tetracycline was the most degraded (76-78% at T=30 min). Sulfamethoxazole showed no 
removal after two minutes but was degraded 12-27% after thirty minutes of sonication. 
Azithromycin and clarithromycin degraded in a similar manner (15-50% at T=30 min) which is 
no surprise because they have a similar chemical structure (Table 4.6) being that they are from the 




It was hypothesized that the addition of H2O2 could increase the production of hydroxyl radicals 
that could further facilitate the breakdown of antibiotics. The addition of H2O2 in a small 
concentration increased percent removal of antibiotics; however, as the concentration of hydrogen 
peroxide increased, the percent removal decreased (Table.4.1). When H2O2 is added in excess and 
it accumulates in water, it acts as a radical scavenger leaving less hydroxyl radicals to degrade 
compounds (Balcioglu and Otker 2002). While studying the sonication of organochlorine 
pesticides, with the help of H2O2 as a catalyst, a similar trend was observed (Kida, Ziembowicz, 
and Koszelnik 2017); the addition of H2O2 in excess reduced or gave no benefit to the removal of 
pesticides. In a similar trend of removing antibiotics from wastewater, increasing the molar ratio 
of H2O2 to ozone above 5 resulted in insignificant benefit (Lin et al. 2009). Although the addition 
of 0.05 mM of H2O2 showed a slight increase in the removal of antibiotics, when comparing its 
percent removal to no H2O2, there is no major increase. It is only lincomycin and clarithromycin 
where an increase in removal was seen for the addition of H2O2, from 4.07% to 23.46% and from 
42.28% to 55.61%, respectively. All other antibiotics, on the addition of hydrogen peroxide, 
showed less than a 6% improvement in removal. Even though tetracycline was the most and 
quickest degraded antibiotic, results were contrary to those found by X Wang et al. (2013) and 
Wang and Jian (2015) on the addition of H2O2 to sonolysis. The degradation rate of tetracycline 
was not enhanced by H2O2 (C. Wang and Jian 2015; X. Wang, Wang, and Li 2013). Instead, it 
appears that tetracycline purely reacts well to sonication. In general, for this study, the addition of 
H2O2 was not seen as beneficial.  
4.2 Quantifying Hydroxyl Radicals and Hydroxyl Radical Exposure  
To confirm the presence of hydroxyl radicals, a solution containing pCBA was sonicated (Pi, 
Schumacher, and Jekel 2005) in the same manner as the antibiotics (Table 4.2). No pCBA 
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degradation was observed in the presence of hydrogen peroxide and at 50% amplitude 
(approximately 50 W). Increasing amplitude to 75% (approximately 85 W) and/or 100% 
(approximately 120 W) resulted in a decrease in pCBA, which could be due to ∙OH production or 
degradation by pyrolysis. To confirm whether pCBA reduction was due to pyrolysis or ∙OH, a 
highly reactive ∙OH scavenger, methanol, was used. While no conclusion is possible for the data 
at T=2 min (no removal with and without methanol), the decrease in pCBA removal when 
methanol was added suggests that pCBA degradation was due to ∙OH rather than pyrolysis (Table 
4.2, highlighted in yellow). If pCBA degradation were due to pyrolysis, then both experiments 
(with and without methanol as the ∙OH scavenger) should have resulted in pCBA removal. 
 
 
Table 4.2: Percent removal of pCBA after sonication under varying conditions. 




0  50 0.00 
0.05  50 0.00 
0.1 50 0.00 
0.1 0 (no sonication) 0.00 
30 
0 50 16.8 
0.05 50 0.00 
0.1  50 0.00 
0.1 0 (no sonication) 0.00 
With 
Scavenger 
2 0 50 0.00 




0  75 0.00 
0  100 0.00 
30 
0  75 41.7 
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   Eq. 2 
For these experiments, the equations (Eq.1, Eq. 2) used to approximate hydroxyl radical exposure 
(Blaney 2014) assume no contribution from pyrolysis. It is assumed that the reduction in pCBA 
concentration is due to hydroxyl radical oxidation only. Hydroxyl radical exposure was calculated 
using the hydroxyl radical reaction rate constant with pCBA of 5.9E9 M-1s-1 (Blaney 2014). It is 
expected that the hydroxyl radical exposure should be a low value when exposed to a scavenger 
such as methanol. The scavenger, methanol, out-competes pCBA for the hydroxyl radical reactions 
and therefore the interaction between pCBA and hydroxyl radicals is little to none. As seen in 
Table 4.3, there was essentially no difference in pCBA concentration between the unsonicated 
control samples and the sonicated samples containing the methanol scavenger (p>0.05). 
Before calculating hydroxyl radical exposure, it was assumed that the increase in amplitude to 
75% and/or 100% resulted in a decrease in pCBA due to ∙OH production. Indeed, there was a 
statistically significant difference in pCBA concentration between the sonicated samples and their 
controls for 50% (p=0.01), 75% (p=0.01) and 100% (p=0.04) amplitudes at 30 minutes, which 
indicates hydroxyl radical production at all three amplitudes. When comparing hydroxyl radical 
exposure at 30 minutes sonication time, 50% amplitude and no H2O2 (4.86E-11 Ms) (Table 4.4) 
and exposure at 75% amplitude and no H2O2 (9.15E-11 Ms) there is a small increase (1/2 order in 
magnitude) in hydroxyl radical exposure (Table 4.5). On the other hand, when comparing the 
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hydroxyl radical exposure at 30 minutes sonication time, 50% amplitude and no H2O2 (4.86E-11 
Ms) (Table 4.4) and exposure at 100% amplitude and no H2O2 (1.08E-10 Ms) (Table 4.5) there is 
almost a full order of magnitude increase. This indicates hydroxyl radicals were created during the 
increase in amplitude from 50 to 100%. On the other hand, there is a negligible difference in 
hydroxyl radical production by increasing the amplitude from 75% to 100%. For this reason, 75% 
was chosen as the optimal amplitude and experiments were continued at this power level.       
For the addition of H2O2, there was a significant change in pCBA concentration between the 
sonicated samples and the non-sonicated controls containing H2O2 (p<0.05). Looking at the 
calculated exposures, it can be seen that the addition of H2O2 did not produce additional hydroxyl 
radicals since all order of magnitudes are the same at 30 minutes sonication time (Table 4.4). 
However, these results are not reliable since the H2O2 was not quenched at the end of the sonication 
time. 
Finally, when comparing exposure times at 30 minutes sonication time, 75% amplitude and no 
H2O2 (9.15E-11 Ms) and exposure at pulse irradiation and no H2O2 (1.13E-10 Ms) there is almost 
no difference. No additional radicals were created by changing the irradiation method from 




Table 4.3: Hydroxyl radical exposures calculated for pCBA at 75% amplitude, no H2O2, and 
continuous irradiation. 
















MeOH 2 50 52.83 
51.5 1.8 2 
MeOH 2 50 50.22 
MeOH 30 50 50.83 
51.8 1.4 2 
MeOH 30 50 52.76 
Controls * 
46.78 




*Control: no sonication, no methanol (MeOH)  
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Table 4.4: Hydroxyl radical exposure calculated for pCBA at 50% amplitude, varying H2O2 and 
continuous irradiation. 















exposure (Ms)  
0.05 2 58.34 
56.8 2.2 2 
1.61E-11 0.05 2 55.16 
0.05 30 47.54 
45.8 2.4 2 
5.23E-11 0.05 30 44.09 
0.1 2 65.12 
60.5 6.5 2 
5.18E-12 0.1 2 55.91 
0.1 30 45.42 
47.3 2.7 2 
4.69E-11 0.1 30 49.24 
0 2 64.43 
60.8 5.2 2 
4.46E-12 0 2 57.13 
0 30 46.27 
46.9 0.8 2 
4.86E-11 0 30 47.43 
No Sonication 
0.1 2 78.76 
71.0 11.0 2 
0 0.1 2 63.16 
0.1 30 62.07 
62.1 0.0 2 
9.26E-13 0.1 30 62.05 
Controls * 
63.65 
62.4 1.7 4 
  
64.09   
61.42   
60.45   





Table 4.5: Hydroxyl radical exposure calculated for pCBA at varying amplitude, varying 
irradiation method, and no H2O2. 





















75 2 Continuous 62.39** 62.4 0.0 1 0 
75 2 Continuous 43.80* 43.8 0.0 1 0 
75 30 Continuous 23.95* 
22.6 2.0 2 
9.15E-11 75 30 
Continuous 21.18* 
100 2 Continuous 41.25* 
41.1 0.2 2 
0 100 2 
Continuous 41.03* 
100 30 Continuous 22.44* 
20.4 2.9 2 
1.08E-10 100 30 
Continuous 18.41* 
75 2 Pulse 36.25* 
38.9 3.7 2 
0 
75 2 Pulse 41.52* 
75 30 Pulse 19.58* 
19.9 0.5 2 
1.13E-10 
75 30 Pulse 20.26* 
Controls A * N/A 
37.7 
38.7 2.1 4 
  
36.36   
39.61   
41.24   
Controls B ** N/A 
61.33 
62.3 1.3 2 
  
63.17   
*Control: no sonication 





Table 4.6: Structures, physico-chemical properties and hydroxyl radical rate constants of studied antibiotics.   






(mL/mol)** pKa (Ref) LogKow (Ref) LogKaw(Ref) 
Rate Constant KOH  
(M-1s-1) 
Other         
Trimethoprim  
 
290.32 1.3 223.32 pKa = 7.12(1) 0.73(2) -12.01(2) 
8.5 x 109 (3) 
6.9 x 109, pH 7, 25 °C (3) 
Sulfonamides          
Sulfamethoxazole 
 
253.28 1.5 168.85 
pKa1 = 1.6(1) 
pKa2 = 5.7(1) 0.48(2) -10.408(2) 
5.5 x 109, pH 7, 25 °C (3) 
5.56 x 109, pH 7.8 (3) 
6.3 x 109 (4) 
8.5 x 109 (4) 



















747.95 1.2 623.29 
pKa = 8.99(1) 
(at 25 °C) 3.18(2) -27.15(2) 5 x 109 (3) 
Tetracyclines         
Tetracycline 
 
444.44 1.7 261.43 
pKa = 3.30(1) 
(at 25 °C) -3.7(2) -21.72(2) 7.7 x 109, pH 7, 25°C (3) 
Lincosamide          
Lincomycin 
 
406.54 1.3 312.72 pKa = 7.6(1) 0.29(2) -20.911(2) N/A 
* Chemspider    
1 PubChem    
2 EPI Suite 
3Mandal S., 2018 
4Lee, Yunho et al., 2014 








4.3 Effect of Amplitude 
Increased ultrasonic amplitude causes more sonochemical activity in a liquid medium (Torres-
Palma and Serna-Galvis 2018). The response to amplitude is the same for all types of substances 
(hydrophobic, hydrophilic, and volatile) (Torres-Palma and Serna-Galvis 2018).  Higher amplitude 
results to quicker contaminant degradation due to an increase in cavitation and the generation of 
hydroxyl radical (Torres-Palma and Serna-Galvis 2018). However, after a certain value, increased 
amplitude is not expected to increase degradation. Table 4.7 shows the effect of amplitude on the 
degradation of antibiotics. Amplitudes of 50, 75, and 100% were tested. The increased sonication 
power from 50 to 75% showed a substantial increase in the removal of some antibiotics. However, 
as the amplitude increased from 75% to 100%, only one compound showed increased removal 
(clarithromycin) and, in some cases, decreased removal was observed (i.e., trimethoprim, 
sulfamethoxazole, and lincomycin). This is likely because the bubble size increases when 
ultrasound amplitude is increased, but there is a limiting point when the bubble radius is constant. 






Table 4.7: Percent removal of antibiotics after sonication at varying amplitudes, continuous 





Trimethoprim  Lincomycin  Tetracycline Sulfamethoxazole  Azithromycin Clarithromycin  
T = 2 min 
50% -1.08 -0.02 38.68 4.60 0.63 3.32 
75% -2.13 15.56 44.60 24.87 -0.48 10.85 
100% 8.43 6.10 48.28 1.49 11.41 10.71 
T = 30 min 
50% 0.67 26.03 91.15 25.70 29.55 49.12 
75% 11.55 37.33 91.53 20.55 43.61 57.01 
100% -1.30 28.39 92.16 18.12 43.88 68.56 
 
 
There was an increase in removal of pCBA at 75% amplitude when compared to 50% (from 0 to 
41.73% at T=30 min). Since pCBA is used as an indirect way to measure hydroxyl radical 
formation, the decrease in pCBA signifies the increase in hydroxyl radical formation. Due to the 
results from the experiments with pCBA, one would expect an increase in antibiotic removal from 
50% to 75% yet not much of an increase in removal from 75% to 100%. Clarithromycin and 
azithromycin followed this trend while sulfamethoxazole did not. Tetracycline degraded quicker 
than the rest of the antibiotics; at T=2 min it is seen that degradation increased with increasing 
amplitude which agrees with another study that solely focused on the sonication of tetracycline 
under various parameters (X. Wang, Wang, and Li 2013). Lincomycin and trimethoprim did not 
show consistent trends in percent removal with increasing amplitude. Based on what we know 
about sulfamethoxazole, it cannot be explained why removal was lower at 75% and 100% 
amplitude when compared to removal at 50%; more hydroxyl radicals should have resulted in 





4.6). What is known is that for hydrophobics, hydrophilics, and volatiles the response to the effect 
of amplitude/ultrasonic power is similar. Higher amplitude leads to faster contaminant degradation 
because of more sonochemical activity (i.e., more cavitation and more hydroxyl radical 
production). Nevertheless, the increase in contaminant removal is limited because further increase 
in amplitude will no longer increase the bubble radius and instead it will stay constant. 
During experiments, after sonicating in the continuous irradiation mode at 100% (130-140 watts) 
for more than 10 minutes, there was a significant increase in bulk solution temperature. Even 
though there was a chiller used to combat the rise in temperature, it was difficult to stabilize the 
temperature during the batch experiments. Batch temperatures during sonication at 100% 
amplitude ranged between 30-35 °C. The maximum temperature achieved after the collapse of 
microbubbles depends on the temperature of the bulk liquid. Therefore, the bulk temperature can 
modify sonochemical activity (Torres-Palma and Serna-Galvis 2018). At low frequencies (<100 
kHz), the increase in bulk temperature can actually decrease pollutant degradation (Torres-Palma 
and Serna-Galvis 2018). It is said that this is due to the vapor pressure of the liquid increasing and 
thus bubbles containing more water vapor than gas, which acts as a cushion during bubble collapse 
(Torres-Palma and Serna-Galvis 2018). It is also said that the increase in temperature affects liquid 
degassing which decreases bubble formation (Torres-Palma and Serna-Galvis 2018). For these 
reasons, at low frequencies, it is best to control the increase in temperature. Since the sonicator 
used for these experiments is low frequency (20 kHz), it is possible that the increase in temperature 






4.4 Effect of Irradiation Method 
It has been observed that pulsed wave irradiation can enhance the elimination of hydrophobic 
pollutants (Torres-Palma and Serna-Galvis 2018). This occurs because it increases their buildup 
at the bubble interface, causing more degradation during bubble collapse (Torres-Palma and Serna-
Galvis 2018). The underlying mechanism for this observation is not well known. However, some 
studies have credited improved degradation by pulsed irradiation to increased pollutant buildup on 
bubble surfaces between pulses. This causes more pollutant and hydroxyl radical reactions during 
the bubble collapse (Xiao, Diaz-Rivera, and Weavers 2013). Azithromycin and clarithromycin are 
slightly hydrophobic. Table 4.6 shows the log Kow of azithromycin and clarithromycin are 3.24 
and 3.18, respectively. It is known that compounds with logKow less than 1 are considered 
hydrophilic and polar and compounds with logKow greater than 4.5 are hydrophobic and nonpolar 
(Schwarzenbach, René P. Gschwend and Imboden 2016). Since logKow for both compounds is not 
less than 1 and instead closer to 4.5, it was determined that they were slightly hydrophobic.  
The effect of pulsing was investigated at a setting of 1:1 (one second on followed by one second 
off). Table 4.8 shows that there was no direct benefit to pulsing the sonicator; pulsing showed a 
decrease in removal efficiency. Therefore, under pulsing conditions, azithromycin and 
clarithromycin were expected to have improved removal efficiency when compared to continuous 
irradiation, but they did not. Potentially, the presence of other antibiotics or water temperature 
could have prevented azithromycin and clarithromycin from migrating towards the bubble 
interface zone. During the batch experiments, sonicated water stayed obviously cooler under 
pulsing conditions than continuous irradiation. This temperature difference between batch 





data to prove these claims. No other compounds were expected to have improved removal because 
there was no increase in hydroxyl radical exposure for pulsed irradiation compared to continuous 
irradiation (Table 4.5). 
 
 
Table 4.8: Percent removal of antibiotics after sonication at 75% amplitude and varying mode 
(continuous, pulsing) with no H2O2. 
Time Mode 
Antibiotics  
Trimethoprim  Lincomycin  Tetracycline Sulfamethoxazole  Azithromycin Clarithromycin  
T = 2 min 
Continuous -2.13 15.56 44.60 24.87 -0.48 10.85 
Pulsed  -16.07 11.99 28.31 12.84 -18.10 -16.73 
T = 30 min 
Continuous 11.55 37.33 91.53 20.55 43.61 57.01 




It was originally hypothesized that pulsed wave irradiation would enhance the elimination of 
hydrophobic pollutants (Torres-Palma and Serna-Galvis 2018), yet no significant improvement in 
the degradation of hydrophobic antibiotics was observed. On the other hand, it was also observed 
that compounds with molar volumes less than 130 mL/mol readily diffuse into the bubble interface 
and are most impacted by pulsing wave irradiation (Xiao, Diaz-Rivera, and Weavers 2013). It was 
suggested that pulse wave ultrasound enhances the degradation of small (<130 mL/mol) 
pharmaceuticals and personal care products (PPCPs) while continuous wave ultrasound is more 





2013). Table 4.6 shows that all the tested antibiotics have molar volumes greater than 130 mL/mol; 
this explains the low removal efficiency of the antibiotics under pulse conditions.  
When concerning pharmaceuticals, a connection between hydrophobicity and degradation rate was 
reported. It is said that the most hydrophobic compounds are degraded the fastest (Torres-Palma 
and Serna-Galvis 2018). In general, the degradation rate for antibiotics exhibited a good correlation 
with logKow (Efraím A Serna-Galvis et al. 2019). Furthermore, it was verified that sonodegradation 
of antibiotics strongly depends on chemical structure (Efraím A Serna-Galvis et al. 2019). When 
looking at the removal of antibiotics while varying hydrogen peroxide, amplitude, and irradiation 
method, it is noticed that indeed clarithromycin and azithromycin (the most hydrophobic 
compounds with the largest molecular weight and molar volume, Table 4.6) consistently have the 
second highest removal, the first being tetracycline. Even though tetracycline did not have a molar 
volumes less than 130 mL/mol nor was it the most hydrophobic, when compared to the other five 
antibiotics, it was the compound most easily degraded under all parameters.  
During sonication, organic substances in water can modify the degradation rate of target 
contaminants (Torres-Palma and Serna-Galvis 2018). The effect is dependent on the nature of both 
the pollutant and matrix components (Efraím A. Serna-Galvis et al. 2015; Torres-Palma and Serna-
Galvis 2018; Xiao, He, et al. 2014). Hydrophobic pollutants compete with other hydrophobic 
organic substances in the water matrix while hydrophilic pollutants compete with both hydrophilic 
and hydrophobic organic substances (Efraím A. Serna-Galvis et al. 2015; Torres-Palma and Serna-
Galvis 2018; Xiao, He, et al. 2014). If antibiotics are in a mixture, then the location of the 
antibiotics due to hydrophobicity (i.e., whether inside the bubble, at the bubble interface, or at the 





significant concentrations of hydroxyl radicals are not produced, then all the more will antibiotics 
compete for reactions with hydroxyl radicals. It is reasonable to believe that the sonochemical 
degradation of individual antibiotics in these experiments may have been affected due to the 
presence of other antibiotics in the mixture. For this reason, different sonodegradation results could 
have been achieved in others studies. 
A study showed that sulfamethoxazole can be degraded thermally (pyrolysis) even if no hydroxyl 
radicals are produced during cavitation (Bandala and Rodriguez-Narvaez 2019). For this reason, 
it was surprising that the sonodegradation of sulfamethoxazole continually had one of the lowest 
% removal when compared to the other antibiotics. Nonetheless, the % removal achieved during 
the sonication of sulfamethoxazole was comparable to a study done with similar parameters; the 
study used a 20 kHz generator, 60% amplitude, and sonication times of 10 and 30 minutes (F. 
Naddeo et al. 2018). In a 4 mg/L mixture of emerging contaminants (sulfamethoxazole, diclofenac, 
and carbamazepine), sulfamethoxazole had 10% removal at 10 minutes, 27% removal at 30 
minutes, and 13% removal at 30 minutes when the mixture concentration was increased to 10 mg/L 
(F. Naddeo et al. 2018). Antibiotic concentration proved to affect antibiotic removal. In addition, 
the study also confirmed that the degradation of sulfamethoxazole did not change when sonicated 
as a single compound instead of as a mixture (F. Naddeo et al. 2018).   
In a study where 17 contaminants of emerging concern in municipal wastewater were degraded by 
sonolysis, trimethoprim also showed very slow degradation (Efraim A. Serna-Galvis et al. 2019). 
During batch tests, trimethoprim continually had the lowest percent removal at all parameters 
studied (H2O2, amplitude, and irradiation). In the study of the 17 contaminants of emerging 





hydrophobic compounds such as azithromycin and clarithromycin, degraded the fastest because of 
their proximity to the cavitation bubbles (Efraim A. Serna-Galvis et al. 2019). This allowed for 
more hydroxyl radical reactions. No studies were found on the sonodegradation of lincomycin so 






5 Chapter 5: Conclusion, Implications and Recommendations for 
Future Work  
The objective of this research is to study the parameters that influence antibiotics degradation in 
water via sonolysis. This was investigated by varying three parameters: the concentration of H2O2, 
amplitude, and irradiation method (i.e., pulse or continuous soundwaves). It was hypothesized that 
by adding an optimal concentration of H2O2 to sonolysis, and by using the optimal irradiation 
method at the optimal amplitude, which will be determined through batch tests, antibiotic 
degradation could be maximized. 
While the investigations were completed, the results did not match hypotheses. During the 
sonication process at 50% amplitude (50 W), there were not sufficient hydroxyl radicals generated, 
even when hydrogen peroxide was added. Azithromycin and clarithromycin are slightly 
hydrophobic and were expected to have improved removal efficiency under pulsing conditions, 
but they did not. Potentially, the presence of other antibiotics could have prevented azithromycin 
and clarithromycin from migrating towards the bubble interface zone. The most efficient amplitude 
for antibiotic removal was 75% (approximately 85W). Further increasing the amplitude to 100% 
(approximately 120W) does not result in increased percent removal, and it was observed that at a 
high amplitude antibiotics were negatively affected. Overall, the most efficiently removed 
antibiotic was tetracycline with over 90% removal, and the least efficiently removed was 
trimethoprim.  
The ultimate goal was to optimize the sonolysis process as a pretreatment to water sources which 





high concentrations of antibiotics would keep antibiotics from being diluted on their way to 
wastewater treatment plants (WWTPs), where they are inefficiently removed since the treatment 
plants are not designed to remove such contaminants. Under the tested conditions, the best 
antibiotic removal was obtained by sonicating at 75% amplitude at constant irradiation for at least 
30 minutes. While these results have limitations and were not performed with actual hospital 
wastewater samples, this research shows that it may be possible to remove 11-91% of the most 
commonly prescribed and persistent antibiotics.  
Since the overall goal was to optimize the sonolysis process as a pretreatment to hospital effluent, 
it is recommended that synthetic hospital wastewater be made for future experiments with 
inorganic and organic matter constituents that are found in real wastewater. The water used during 
these batch experiments was buffered deionized water and did not contain a variety of inorganic 
and organic matter that can serve as hydroxyl radical scavengers. Also, it is worth mentioning that 
in real life, for sonolysis to be applied to raw municipal hospital wastewater, biosolids would first 
have to be removed for there to be a benefit to sonication. Sonolysis is not recommended on any 
raw wastewater without treatment to first remove solids.  
For future experiments, to get a better understanding of how antibiotics respond to sonication at 
various parameters, it is recommended that batch experiments also be done with each antibiotic 
separately instead of as a mixture. Results can differ since it is possible that antibiotics interfere 
with the removal of others. To fully understand if antibiotics compete with each other for hydroxyl 
radical reactions, individual experiments should be produced for each antibiotic. Since no studies 
were found on the sonodegradation of trimethoprim and little is known on why it continually had 





antibiotic individually and compare its removal to that if in a mixture. It is possible that 
sonodegradation can improve.  
In addition, since H2O2 was not quenched and it is therefore possible that the reaction between the 
oxidizer and the antibiotics was ongoing after batch tests, the exposure times for hydrogen 
peroxide are not comparable. It is recommended that H2O2 be quenched during batch experiments 
so that samples can become comparable and results be more reliable. Bovine catalase, free 
chlorine, sulfite, and thiosulfate are used for quenching remaining hydrogen peroxide in water 
after advanced oxidation treatment (Keen, Dotson, and Linden 2013; Liu et al. 2003). There is a 
synergistic effect from combining both hydrodynamic and acoustic cavitation, attributed from the 
higher bubble densities obtained from the hydrodynamic aspect and an increase in temperature and 
pressure due to acoustic field (Braeutigam et al. 2012). Therefore, it is recommended that both 
cavitation mechanisms be combined in future antibiotic experiments.  
Studies on the sonodegradation of trimethoprim, lincomycin, azithromycin and clarithromycin 
have not been explored. Future studies focused on these antibiotics would be beneficial.  
5.1 Limitations 
The frequency available with the Qsonica sonicator was only 20 kHz, therefore there is room for 
improved results if a different instrument is used which can reach a higher frequency. The highest 
radical formation occurs at frequencies around 200-350 kHz (Torres-Palma and Serna-Galvis 
2018) so it is worthwhile to investigate antibiotic degradation at such frequencies. In addition, 
during this report, only percent removal was analyzed. Therefore, it does not signify that antibiotic 





compounds might still have antibiotic activity. It would be beneficial for future studies to focus on 
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Appendix D: Sonication of pCBA probe  
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